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Abstract 
Building integrated solar technologies is important not only to reduce energy consumption and carbon emissions but also to help 
to make the technologies more economically feasible and challenge the creativity of architects in designing buildings. In this 
paper, two types of solar facades for heating purposes were studied: flat and transpired aluminium plates. Mathematical models 
of the thermal performance of these plates were developed and verified through experiments. The thermal performances were 
then compared in terms of heat gains and losses under the same operational conditions. It is found that the transpired design is 
able to reduce heat losses and hence achieve better heat transfer: the efficiencies for the flat and transpired facades are about 30% 
and 80% respectively. 
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1. Introduction  
Ventilated solar facade has become one of the attempts to reduce the space heating energy consumption.  In order 
to make this technology common practice in the construction industry, it is important to design the solar facade 
properly. Basically thermal characteristic studies for different designs of solar facades have been carried out by three 
methods: experimental measurements [1-3], numerical simulations [4,5], and visualisation studies [6,7]. The solar 
facades in the present study aim to analyse the thermal characteristic of solar facades by comparing two different        
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Nomenclature  
Ap Surface area of transpired plate, m2 
cp Heat capacity, Jkg−1K−1 
D Plenum depth, m 
G Suction mass flow rate per unit area, kgs−1m−2 
h Heat transfer coefficient, Wm−2K−1 
I  Solar irradiance, Wm−2 
k1 Thermal conductivity of sand-tile wall, 1.07 Wm−1K−1 [8] 
k2 Thermal conductivity of insulation layer, 0.023 Wm−1K−1 [8] 
L1 Thickness of sandtile wall, m  
L2 Thickness of insulation layer, m 
ሶ݉  Mass flow rate, kgs−1 
q Heat flux, Wm−2 
Q Heat, W 
T Temperature, K 
UL Overall heat transfer coefficient between sand-tile wall and insulation layer, Wm−2K−1 
Greek symbols 
 
Dp Absorptivity 
ߝு௑ Heat exchange effectiveness, % 
ߝ௣ Emissivity 
K; Eff Efficiency, % 
Subscripts 
 
a Ambient air 
bp-air Between back-of-plate of transpired plate and plenum air 
conv Convection 
c,trans Convection between transpired plate and ambient air, normal flow heat transfer of transpired plate 
f Air in plenum; convection between back-of-plate and plenum air 
f,trans Convection between back-of-plate of transpired plate and plenum air, vertical flow heat transfer of 
transpired plate 
i Air entering into plenum, air temperature at the bottom of plenum, K (transpired plate) 
in Inlet  
loss,wall-room Heat loss from sand-tile wall to wall attached to the room 
out Outlet  
p Plate  
p-air Between transpired plate and ambient air 
p-sur Between plate and surrounding 
r Wall attached to room 
rad Radiation heat transfer from plate to surrounding 
trans Transpired plate 
w Sand-tile wall 
designs (Fig. 1): a flat plate (without hole) and a transpired façade. The study was carried out experimentally to 
validate the mathematical models. The thermal performance analyses including heat losses are compared and 
discussed for both designs.  
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Fig. 1. Side view of solar façade heating system Fig. 2. Schematic diagram of experimental set up 
2. Methodology 
2.1 Experimental set up 
 Both the flat and transpired plate collectors shared the same experimental set-up (Fig. 2). Both plates were made 
from black painted aluminium sheet, 2m in height, 1m wide, and 0.001m in thickness. The porosity (ratio of hole 
area to total surface area) of the transpired plate was 0.84%, with a circular hole diameter of 0.0012m, a pitch 
distance of 0.012m in triangular geometry.  
 Two fans were installed at the air outlet. The heating system with flat plate collector drew air from the opening at 
the bottom of the plenum and delivered it into the room through an opening at the top of the plenum. The 
dimensions of the openings at the bottom and top of the plenum were 0.167m × 1.0m and 0.23m × 1.0m, 
respectively. In order to reach a steady state, temperatures were not recorded until two hours after the test began, by 
which time constant temperatures had been achieved. Temperatures were then taken every minute for the next 30 
minutes. Air velocities were measured by hot wire anemometers at the centreline of the plenum and at the outlet of 
the plenum. Experiments were repeated for a heating system with transpired plate collector by replacing the porous 
plate with the flat plate. In this case, the opening at the bottom was closed so that the air was drawn through the 
holes and delivered into the room through the opening at the top of the plenum. 
 
2.1.2 Heat transfer at the insulated sand-tile wall  
 The backside of the sand-tile wall was insulated with a rigid polyisocyanurate foam board with glass fibre. This 
section is to verify that the heat loss from the sand-tile wall to the surface of the room is negligible. Fig. 3 is the 
diagram of heat transfer of the wall from Tw to Tr. The heat flux equation is:  
  ݍ௟௢௦௦ǡ௪௔௟௟ି௥௢௢௠ ൌ ௅ܷሺ ௪ܶ െ ௥ܶሻ ,                                                                                                                               (1)  
  where ௅ܷ ൌ ͳ ሺܮଵ ݇ଵΤ ൅ ܮଶ ݇ଶΤ ሻΤ   
 Temperatures of Tw and Tr were measured by experiment, and the heat losses were calculated. Results show that 
for all the experiments that were carried out, the heat losses were less than 0.5% of the total useful energy delivered 
for plenum depths of 0.20m, 0.25m and 0.30m (Fig. 4). Thus, heat transfer at the insulated sand-tile wall is 
negligible. Therefore, hereafter, all the energy balance equations that involved the insulated sand-tile wall will be 
ignored in the future sections.   
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Fig. 3. Heat transfer illustration of insulated sandtile wall. Fig. 4. Heat loss to sandtile wall over total useful energy. 
2.2 Mathematical model 
2.2.1 Heat transfer of the flat plate solar facade  
Some assumptions have been made while developing the mathematical model: 
i) The airflow rate is assumed to be constant throughout the plenum. 
ii)     All the measured temperatures that were used in the energy balance equations were assumed to be the 
constant temperatures after reaching a steady state.  
2.2.1.1 Energy balance equations for the flat plate facade  
The energy balance equations are established and illustrated in Fig. 5. Eq. 2 shows the overall energy balance of 
the system: 
 ሶ݉ ܿ௣ሺ ௢ܶ௨௧ െ ௜ܶ௡ሻ ൌ ܫȽ௣ܣ௣ െ ܳ௖ െ ܳ௥                                                                                                               (2) 
The left-hand side of this equation represents the useful energy collected. The first term on the right-hand side is 
the solar energy absorbed by the aluminium black plate. The second and third terms are the heat losses to the 
surrounding via radiation and convection respectively. Hence, the heat flux equations for the plate and plenum are as 
follows:  
Flat plate: 
 ܫȽ௣ܣ௣ ൌ ݄௖൫ ௣ܶ െ ௔ܶ൯ ൅ ݄௙൫ ௣ܶ െ ௙ܶ൯ ൅ ݄௥൫ ௣ܶ െ ௔ܶ൯,                                                                                                                    (3) 
where Ta = Tin. 
Plenum air: 
 ܯሺ ௢ܶ௨௧ െ ௔ܶሻ ൌ ݄௙൫ ௣ܶ െ ௙ܶ൯ ,                                                                                                             (4) 
where ܯ ൌ ሺσ ሶ݉ ܿ௣ሻȀܣ௣  ; Ap = HL; ሶ݉ ൌ ߩ௙ݒ௙ܦܮ; and ݒ௙ ൌ ௙ܸ௔௡Ȁܦܮ; Tf = (Tout + Tin)/2. 
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Fig. 5. Heat transfers of flat plate solar collector. Fig. 6. Heat transfers of transpired solar collector. 
 
2.2.1.2  Mean temperature matrix for the flat plate facade  
Equations 3 and 4 can be simplified to Eq. 5 and 6 respectively, and form a 2×2 matrix, equation 7, as follows: 
 ൫݄௖ ൅ ݄௙ ൅ ݄௥൯ ௣ܶ െ ݄௙ ௙ܶ ൌ ܵ ൅ ݄௖ ௔ܶ ൅ ݄௥ ௔ܶ                                                                                (5) 
  ݄௙ ௣ܶ െ ൫݄௙ ൅ ʹܯ൯ ௙ܶ ൌ െʹܯ ௔ܶ                                                                                                            (6) 
ቈ݄௖ ൅ ݄௙ ൅ ݄௥ െ݄௙݄௙ െ൫݄௙ ൅ ʹܯ൯቉ ൤
௣ܶ
௙ܶ
൨ ൌ ൤ܵ ൅ ݄௖ ௔ܶ ൅ ݄௥ ௔ܶെʹܯ ௔ܶ ൨                                                                            (7) 
Hence, rewriting Eq. 11 by using the matrix inversion method gives: 
  ൤ ௣ܶ
௙ܶ
൨ ൌ ቈ݄௖ ൅ ݄௙ ൅ ݄௥ െ݄௙݄௙ െ൫݄௙ ൅ ʹܯ൯቉
ିଵ
൤ܵ ൅ ݄௖ ௔ܶ ൅ ݄௥ ௔ܶെʹܯ ௔ܶ ൨                                                                          (8) 
Eq. 8 is then solved by an iteration method, and the iteration process is continued until the convergence value is 
better than 10−6. 
2.2.2 Heat transfer of the transpired solar facade 
This concept is different from that used by most researchers [9-11], who believe that there is no vertical flow 
heat transfer. Although detail discussions on vertical flow are beyond this paper, more details can be found in [12]. 
Due to the complication of the heat transfer process, some assumptions have been made: 
i) The radiation heat loss over the surface of the transpired plate is everywhere constant, as it has been proved 
that it has only a modest effect on the flow distribution [13].  
ii) The experimental tests were carried out in a closed laboratory, and the convection losses to the ambient are 
negligible – this has been verified by a previous study [14].  
iii) There is no reverse flow across the plate, as the face velocities in this study are higher than 0.0125ms−1[13]. 
iv) The temperatures that are measured by the thermocouples, which have the same height as the first row of holes 
from the bottom, are taken as air the temperatures reached in the plenum after passing through the holes.  
v) The air properties remain the same throughout the plenum (the maximum air temperature difference between 
the inlet and outlet is about 10K in this study). 
2.2.2.1 Energy balance equations for the transpired plate facade  
The energy balance equations are established for two components of the system: the unglazed transpired plate 
and the air in the plenum. The heat transfers of the system are as shown in Fig. 6. The fan-assisted system draws 
ambient air through the holes so that heat, which would otherwise be lost by convection, is captured by the airflow 
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into the plenum. Thus, there will be only very small amounts of convection heat loss to the ambient, which can 
indeed be neglected [10,11,15]. The energy balance and heat flux equations are in Eq. 9 and 10 respectively. 
Unglazed transpired facade: 
 ܫα௣ܣ௣ ൌ ܳ௖௢௡௩ǡ௣ି௔௜௥ ൅ ܳ௖௢௡௩ǡ௕௣ି௔௜௥ ൅ ܳ௥௔ௗǡ௣ି௦௨௥                                                                                                (9)  
൫݄௖ǡ௧௥௔௡௦ ൅ ݄௙ǡ௧௥௔௡௦ ൅ ݄௥൯ ௣ܶ െ ൫݄௖ǡ௧௥௔௡௦ ൅ ݄௙ǡ௧௥௔௡௦Ȁʹ൯ ௜ܶ െ ൫݄௙ǡ௧௥௔௡௦Ȁʹ൯ ௢ܶ௨௧ ൌ ܫߙ௣ ൅ ݄௥ ௔ܶ                              (10) 
Plenum air: 
The ambient air, which is heated by the front and hole of the transpired plate, is further heated through the back 
of the plate when flowing throughout the plenum. The energy balance and heat flux equation of the air in the plenum 
are as follows: 
σ ሶ݉ ܿ௣ሺ ௢ܶ௨௧ െ ௜ܶሻ ൌ ܳ௖௢௡௩ǡ௕௣ି௔௜௥                                                                                                                           (11) 
݄௙ǡ௧௥௔௡௦ ௣ܶ ൅ ൫ܩܿ௣ െ ݄௙ǡ௧௥௔௡௦Ȁʹ൯ ௜ܶ െ ൫ܩܿ௣ ൅ ݄௙ǡ௧௥௔௡௦Ȁʹ൯ ௢ܶ௨௧ ൌ Ͳ                                                                      (12) 
where ܩ ൌ σ ሶ݉ Ȁܣ௣; and  ௙ܶ ൌ ሺ ௜ܶ ൅ ௢ܶ௨௧ሻ/2. 
The convection heat transfer equations can be written in term of mass flow rate and heat flux, as shown in Equations 
13 and 14 respectively, and are simplified as Eq. 15. 
 ݍ௖௢௡௩ǡ௣ି௔௜௥ ൌ σ ሶ݉ ܿ௣ሺ ௜ܶ െ ௔ܶሻȀܣ௣                                                                                                                        (13) 
 ݍ௖௢௡௩ǡ௣ି௔௜௥ ൌ ݄௖ǡ௧௥௔௡௦൫ ௣ܶ െ ௜ܶ൯                                                                                                                            (14) 
 ݄௖ǡ௧௥௔௡௦ ௣ܶ െ ൫ܩܿ௣ ൅ ݄௖ǡ௧௥௔௡௦൯ ௜ܶ ൌ െܩܿ௣ ௔ܶ                                                                                                         (15) 
2.2.2.2 Mean temperature matrix for the transpired facade  
Equations 10 to 15 can be written in a 3×3 matrix form: 
൦
൫݄௖ǡ௧௥௔௡௦ ൅ ݄௙ǡ௧௥௔௡௦ ൅ ݄௥൯ െ൫݄௖ǡ௧௥௔௡௦ ൅ ݄௙ǡ௧௥௔௡௦Ȁʹ൯ െ൫ ௙݄ǡ௧௥௔௡௦Ȁʹ൯
݄௙ǡ௧௥௔௡௦ ൫ܩܿ௣ െ ݄௙ǡ௧௥௔௡௦Ȁʹ൯ െ൫ܩܿ௣ ൅ ݄௙ǡ௧௥௔௡௦Ȁʹ൯
݄௖ǡ௧௥௔௡௦ െ൫ܩܿ௣ ൅ ݄௖൯ Ͳ
൪ ቎
௣ܶ
௜ܶ
௢ܶ௨௧
቏ ൌ ቎
ܫȽ௣ ൅ ݄௥ ௔ܶ
Ͳ
െܩܿ௣ ௔ܶ
቏          (16) 
The matrix equation is then solved by an iteration method, and the iteration process is continued until the 
convergence value is better than 10−6. 
2.3. System performance evaluation 
System efficiency 
The efficiency of the heating system is the ratio of the useful energy delivered to the total solar energy input on the 
plate, and it is given as Eq. 17.     
ߟ ൌ σ ሶ݉ ܿ௣ሺ ௢ܶ௨௧ െ ௔ܶሻȀ൫ܫܣ௣൯                                                                                                                              (17) 
Heat exchange effectiveness 
The heat exchange effectiveness of the solar collector is defined as the ratio of the actual temperature rise of air to 
the maximum possible temperature rise [14]: 
 ߝு௑ ൌ ሺ ௢ܶ௨௧ െ ௔ܶሻȀ൫ ௣ܶ െ ௔ܶ൯                                                                                                                            (18) 
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Percentage difference   
If ݔଵ and ݔଶ are the values taken from the model and the experiment respectively, the percentage difference is 
calculated as: 
 ܲ݁ݎܿ݁݊ݐܽ݃݁݂݂݀݅݁ݎ݁݊ܿ݁ ൌ ቚ ௫భି௫మሺ௫భା௫మሻȀଶቚ ൈ ͳͲͲΨ                                                                                              (19) 
3. Results comparison of the measured and modelled  
3.1 Flat plate  
The results comparison is analysed in terms of heat exchange effectiveness (Fig. 7). After taking account of the 
±16% of the experimental error, all the modelled efficiencies are within the acceptance ranges, and hence the model 
is appropriate to be used for the simulation study in the next section.  
Fig. 7. Comparison of heat exchange effectiveness between experimental results and present modelling for the flat plate 
 
3.2 Transpired plate  
From Kutscher’s study [14], the only heat transfer correlation for the transpired solar collector was developed 
from the heat exchange effectiveness (ߝு௑ ), thus ߝு௑  is chosen for the comparison between the modelled and 
measured results. From Fig. 8a, the values of ߝு௑, which are calculated from both experiment and the present model 
methods give close results with the highest percentage difference of 7.9% for three different plenum depths at 
various solar intensities and suction mass flow rate values. Nonetheless, Kutscher’s study assumed that the 
temperature of the vertical flow was constant, which contrasts with the present study where the vertical flow 
temperature increases gradually throughout the plenum. Thus, in order to further confirm the accuracy of the present 
model, a simulation study using Kutscher’s model was carried out to compare with the present model. In terms of 
total rise in air temperature (Tout − Ta), the present model shows comparable results to Kutscher’s model (Fig. 8b) 
for solar radiation intensities above 400Wm−2. Relatively, Kutscher’s model gives higher percentage differences 
(>14%) than the present model (<8%) at 307Wm−2 of solar radiation intensity compared to the experimental results. 
Therefore, the present model is chosen and to be used for the simulation study in the next section.  
4. Thermal performance comparisons  
The thermal performances of both flat and transpired plates are evaluated by using the models that have been 
developed. The input parameters for both plates are the same: solar radiation intensity, ambient air temperature, 
airflow rate, plate area and plenum depth.  
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(a)                                                                                                                  (b) 
Fig. 8. Comparison of heat exchange effectiveness between experimental results and (a) present modelling; (b) Kutscher’s model for the 
transpired plate 
4.1 Heat losses 
The transpired plate has better heat transfer compared to the flat plate. This can be seen by comparing the flat 
plate to the transpired plate, whereby higher rise in air temperature (Fig. 9a) for transpired type although the values 
of Tp are lower than the flat type (Fig. 9b). The useful heat flux that is delivered by the system with flat plate is only 
about 30% of the total solar heat flux that been absorbed by the plate, while for the transpired plate it is about 84%. 
Fig. 10(a) shows the rises in heat fluxes of the flat plate when the solar radiation intensity is increased from 300 to 
800Wm−2 at a constant airflow rate of 300m3hr−1. The losses to the ambient are increased and in particular, qr has 
the greatest increase. As for qf, although it increases with solar radiation intensity, the amount of rise is smaller than 
the losses (the sum of qr and qc). This explains why the values of the flat plate temperature increase greatly but there 
is only a small rise in air temperature. On the other hand, for the transpired plate, the rises in qc and qf are greater 
than that for qr (Fig. 10b). This results in a large increase in qd (the sum of qc and qf). The heat losses to ambient of 
the flat plate are partly caused by convection heat loss, while for the transpired plate the ambient convection heat 
loss can be ignored, whereby most of the heat which indeed would be lost to the ambient has been sucked into the 
plenum through the small holes. This reduces the total heat losses and hence gives a better heat transfer for the 
transpired design. 
4.2 System performance comparisons of solar air heaters  
For solar collector applications, system efficiency is crucial in terms of heating performance. The efficiencies for 
both designs at various suction mass flow rates and solar intensities are as shown in Fig. 11.  
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                                          
(b) 
Fig. 9. Simulated values of (a) Tout and (b) Tp of flat and transpired plates for plenum depths of 0.20m, 0.25m and 0.30m. 
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Note: 
qr = radiative heat 
transfer;  
qr = convective heat 
transfer;  
qd = useful heat flux 
that delivered by the 
heating systems 
 
(a) 
 
(b) 
 
Fig. 10. Rise in heat fluxes of (a) flat and (b) transpired plates when the solar radiation intensity increases from 300 to 800Wm-2. 
(a)                                                                                                       (b) 
Fig. 11. System efficiencies at various (a) airflow rates and (b)  solar radiation intensities 
Results show that a higher suction mass flow rate gives higher system efficiency. For the transpired plate, the 
efficiency of the system is 67–83%, which is equivalent to temperature rises of 9–13K. For practical applications, 
operating parameters would very much depend on the application purposes of the heating system. Typical suction 
velocities range from 0.01ms−1 for desiccant regeneration to 0.05ms−1 for preheating ventilation air [15]. Since the 
system efficiency is high, for applications that require a lower rise in air temperature, the solar collector can be 
painted with a variety colour choices by choosing the appropriate absorptivity and emissivity values of the plate. In 
terms of aesthetics, this is one of the most important aspects for building integration technologies.  
The system efficiency of the present system is compared to various designs of solar air heaters and they are as 
shown in Table 1. The present design gives the highest efficiency among all the reported maximum values of 
efficiency. As well as the benefit of low convection heat loss to the ambient of the present design, all the active solar 
air heaters are glass covered to form a channel between the glass and the absorber for the air passing through it, 
whereas the present design is the unglazed type, so it gives higher thermal performance. The present design not only 
manages to achieve higher system efficiency, but also benefits in terms of system simplicity and lower cost.  
Table 1. System efficiency comparisons among some reported solar air heaters. 
Solar air heater System efficiency References  
Present (maximum) 0.82  
Transpired solar collector 0.78 [15] 
Vertical flat plate 0.50 [16] 
Flat plate 0.49 [17] 
Single pass with double ducts 070 [18] 
Double pass with aluminium cans 0.70 [19] 
Wire-mesh packing 0.46-0.68 [20] 
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5. Conclusions  
The thermal performances of two solar facades – flat and transpired black aluminium plates – were investigated 
through mathematical models, which have been verified by experimental results. The results show that the 
efficiency of transpired design is 50% higher than the flat plate under the same climate conditions. This is because 
the transpired plate is able to reduce the convection and radiation heat losses. The convection heat flow between the 
ambient and the plate is forced into the plenum through the holes, thus this heat that indeed would be lost to the 
ambient has been contributed as part of the useful heat of the system. In addition, under the same operational 
conditions, the flat plate gives higher surface temperature but lower output air temperature. This indicates that the 
transpired design has better heat transfer.  Therefore, this reduces the surface temperature of the transpired plate and 
hence the radiation heat loss. Due to the high efficiency of the transpired solar facade that is close to 80%, it 
provides more flexibility to architects in terms of aesthetics, as a variety colour choices is possible, especially in 
moderate climate countries.  
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